New Solutions to the Strong CP Problem 
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We exhibit a solution to the strong CP problem in which ultraviolet physics renders the QCD 
9 angle physically unobservable. Our models involve new strong interactions beyond QCD and 
particles charged under both the new interactions and ordinary color. 



INTRODUCTION 

The CP violating QCD angle is the most mysterious 
of the fundamental parameters of the standard model . 
9 is highly constrained by measurements of the neutron 
electric dipole moment (NEDM): 9 < 1CT 10 . (We work 
in a basis where arg det M q — 0, so that 9 is directly 
related to CP violation and the NEDM.) Theorists have 
long sought a mechanism to explain why 9 is so close to 
zero. 

In this paper we exhibit a model in which new physics, 
at possibly very high energy scales, renders 9 an unob- 
servable parameter. The main idea is quite simple. We 
introduce a massless fermionic field Q which carries both 
ordinary color and also transforms under another gauge 
group SU(N). The anomaly associated with the axial 
transformation of Q receives a contribution from gluons, 
so that phase rotations of Q are equivalent to shifts of 
the 9 angle. Because Q is massless, there is a symme- 
try associated with these phase rotations, allowing us to 
eliminate 9 entirely. The SU(N) interactions are neces- 
sary to bind Q particles into heavy bound states. These 
are not observed in low-energy physics, as there is a mass 
gap which grows with A^r, the strong coupling scale of 
the SU(N) interaction. A novel aspect of our model is 
that ordinary QCD is embedded in a left-right symmet- 
ric group SU(3)l x SU(3)r, where here 3 is not due to 
the number of light quark flavors, but rather the number 
of colors in QCD. This structure requires a non-standard 
Higgs sector to generate quark masses as well as another 
fermion T which is a color singlet and charged only under 
the new SU(N) group. 

There are other viable solutions to the strong CP prob- 
lem 0,0 such as axion models, left-right symmetric mod- 
els and the ones in which CP is broken spontaneously Q . 
In axion models [fj 0, 0, @, 0, 0, Q] , additional particles 
(usually heavy scalars and colored fermions) are added to 
realize an anomalous Peccei-Quinn symmetry. The ob- 
served value of 9 QCD is then determined dynamically by 
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the location of the minimum of the instanton-generated 
potential for the axion field, which is a pseudo-Goldstone 
boson of the Peccei-Quinn symmetry. Quantum gravity 
is not believed to exhibit any exact global symmetries, 
and even very small, Planck-suppressed, violations of the 
Peccei-Quinn symmetry will spoil the axion solution of 
the strong CP problem 12]. In string theory, it is pos- 
sible to obtain global symmetries which are exact up to 
violation by instanton effects. In this sense the axion so- 
lution of the strong CP problem is generally considered 
to be very natural in string theory (see for example 
However, the axion mass scale, which is determined by 
a compactification scale, is generally very close to the 
four-dimensional Planck scale. This conflicts with some 
standard cosmological arguments which say that such a 
scale should be no bigger than about 10 13 GeV. 

In our model we are left with an exactly massless Gold- 
stone boson 0| . This Goldstone boson is not an axion 
(which would have a non-zero mass), and our solution is 
not the standard axion solution of the strong CP prob- 
lem. A simple way to understand why we are left with 
an exactly massless scalar field is to recall that the new 
colored and uncolored fermions Q and T have zero mass. 
This |HE3 prevents the Goldstone boson from acquir- 
ing a mass term. Unlike in axion models, the symmetry 
breaking scale associated with the Goldstone boson can 
be taken to be arbitrarily large, effectively decoupling it 
from ordinary particles. 



MODEL 

The model we consider is described in the accompa- 
nying table and figure. (Generalizations are straight- 
forward.) It contains the symmetry groups SU(N) x 
SU(3)l x SU(3)r and the additional particles Q and T, 
which are in the fundamental and adjoint representation 
of SU(N), respectively. The SU(3) C color symmetry of 
QCD is the vector subgroup SU(3) V of SU(3) L x SU(3) R , 
so that QCD gauge transformations correspond to simul- 
taneous transformations with Ul = Ur. Each of SU(N) 
and SU(3)l,r (or equivalently, SU(3)a,v) are gauged. 
Additional U(l) axial charges and symmetries are listed. 
The anomaly-free linear combination, denoted U(\)taf 
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is gauged. Note that in the table we have suppressed the 
standard model flavor index / = 1, ...,F = 6 (i.e., / = 
up, down, strange, ... top). 

Gauging SU(3)a, as well as U(1)taf, precludes the 
usual standard model masses for the quarks q. These 
have the form (suppressing all indices except those of 
SU(3) L x SU(3) R ): 



£quark mass — TTLqQ Qc ~t~ h.C. , 



(i) 



which under a general SU(3)l x SU(3) r transformation 
becomes 



m q qULU R q + h.c. 



(2) 



The quark mass JTJ is invariant under SU(3) C — SU(3)v, 
transformations, which have Ul — U R , but not under 
SU(3)a- Hence, the usual Higgs coupling to quarks 
is forbidden by gauge symmetry; the interaction which 
gives masses to quarks must involve additional particles 
charged under both SU(3)l and SU(3) R . 

To overcome this restriction, we postulate a field 0] 
H which transforms as (3,3) under SU(3)l X SU(3) R , 
carries U(1)taf charge —2F/3 (F — N to insure gauge 
anomaly cancellations), and is a singlet under elec- 
troweak symmetries. H couples to quarks via the higher 
dimension operator |l7j 



H4>qq 



(3) 



where tj> is the usual Higgs boson [2l|. The potential 
for H must be chosen so that H develops a vacuum ex- 
pectation value. The Goldstone boson mentioned in the 
introduction is a linear combination of the phase of H 
and that of the quark condensate qq. In this case the vev 
of H can be much larger than the electroweak scale since 
the breaking of electroweak symmetry is solely due to the 
ordinary Higgs <p. Note that we do not allow interactions 
among H and QQ leading to a mass term for Q. That 
is, we assume that the U(1)qa symmetry is only violated 
by the anomaly (i.e., instanton effects). This is similar to 
the assumption made about the Peccei-Quinn symmetry 
in axion models. 

The condensate (QQ) ~ spontaneously breaks 
SU(3) L x SU(3) R -> SU(3) V , where the unbroken sub- 
group is QCD. The axial subgroup SU(3)a is sponta- 
neously broken, and the corresponding Goldstone bosons 
are eaten, leading to massive SU(3)a gauge bosons. It 
is dynamically preferred for the H condensate to align 
with (QQ) in the SU(3)l x SU(3) r internal space, since 
when they are not aligned color is broken and gluons be- 
come massive. As reviewed in |19|, the contribution to 
the vacuum energy from Higgsed gauge bosons is larger 
than that from massless gauge bosons, which generically 
leads to groundstates with maximal unbroken gauge sym- 
metry. 

We expect the colored excitations associated with ro- 
tations of (H) relative to (QQ) in the SU{3) L x SU(3) R 



to have mass much larger than the weak or TeV scale 
since the H dynamics is unrelated to electroweak break- 
ing. We also expect the T field to condense and sponta- 
neously break U(1)taf, so that any states containing T 
constituents have masses at least of order A^v- 



Summary of the UV Theory and dynamics 

Before describing the low energy theory it is instructive 
to display explicitly the UV theory corresponding to the 
fields shown in the table. The fermion kinetic terms are 
given by: 



£fkt = Ql{iV>)Ql + Qr^P)Qr + \t^V>)t 

+ Q L (i P)Ql + u R {i P)u R + d R {i P)d R , (4) 

with Ql = Q and Q R — Q. Q and Q are left handed 
Weyl fermions. Ql represents the electroweak quark dou- 
blet, while qL — q and q R = q in the notation of the table. 
The generation index for the ordinary quarks is not ex- 
plicitly shown. More explicitly, the kinetic terms for the 
new fermions are: 



(5) 



N 



/R i^ d, - iA a L/R T a - iB^T T Ql, 



IR- 



A a L ^ R are the gauge bosons of the color left and color 
right gauge interactions with a = 1, ... 8. B A , with A = 
1, . . . N 2 — 1, are the gauge bosons of the new strong 
interaction. A is the gauge boson of the anomaly free 
U(1)taf gauge symmetry. For the ordinary quarks the 
kinetic terms are: 

Q^r (d» - iA a LlM T a + i^A„ - iWlA Ql , 



N 2 

( ^ - iA a Rv T a - i— A„ ) q R . 



(0) 



Here we have indicated for illustration the interactions 
with the electroweak gauge bosons W a , but neglected 
the hypercharge gauge boson. F is the total number of 
quark flavors. To this Lagrangian one has to add the 
kinetic term for the new gauge bosons and the modified 
Yukawa interactions which lead to masses for the ordi- 
nary fermions. As mentioned earlier we are now forced 
to introduce another complex scalar field transforming 
under the left and right color transformations: H°,. The 
resulting Yukawa interactions are: 



- T?fi£ • mdn,c - '^QiM c c ,d R , c + h.c. . (7) 



M 



M is a scale related to the H sector of the theory while 
4> a is the standard electroweak doublet a = 1,2. Other 
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nicer ways of providing mass to the ordinary quarks can, 
of course, be explored - a more general structure of the 
Yukawa couplings in flavor space might be expected. 
With this choice of the Yukawa sector the leptonic sector 
of the standard model remains unmodified. It should also 
be clear that H must condense for the ordinary quarks 
to acquire a mass. 

The SU(N) gauge theory, being vector like, is free 
from gauge anomalies. Since we independently gauge 
SUl,r{3) we also need to cancel the associated gauge 
anomalies. The simplest way is to construct a vector like 
theory with respect to each gauge group. This can be 
easily achieved by setting N = 6, i.e. equal to the num- 
ber of ordinary quark flavors. For N — 6 (recalling the 6 
flavors of quarks g/) we see that in each vertical column 
of the table corresponding to a non-Abelian group the 
particle content is vector like. 

As for the summary of the dynamics we recall that 
our model has four independent scales. The scale of the 
SU(N) strong dynamics Ajv, the scale M of the conden- 
sation of H , the electroweak scale and finally the ordinary 
QCD confining scale. We imagine the first two scales to 
be much larger than the electroweak scale. Below the 
SU(N) confining scale, as explained in the previous sec- 
tion, SU(3)l x SU(3)r x U{\)taf breaks spontaneously 
to SU(3)v- We identify SU(3)v with ordinary color in- 
teractions. The effective low energy theory below the An 
scale - but remaining above the electroweak scale - is ob- 
tained by replacing the SU(N) UV theory with its low 
energy chiral perturbation theory. The Goldstone modes 
(massless colored pions) become longitudinal components 
of the axial vector bosons and hence, in the end, disap- 
pear from the low energy theory. A similar fate is shared 
by the Goldstone boson associated to the gauged exact 
U(1)taf symmetry. Since T,Q,Q are massless we have 
no SU(N) theta term. By construction Q carries ordi- 
nary color and we stress that, without invoking any chiral 
rotation of the ordinary quarks, the QCD 9 term becomes 
unphysical (see next sections for a formal proof). This is 
the main point of our paper. 

At the electroweak scale, having already assumed the 
condensation of the field H at some energy M less than 
or of order the confining scale of SU(N), one generates 
a mass term for the standard fermions via Yuakawa in- 
teractions. In general the couplings are complex and one 
might be worried that they regenerate a strong CP phase 
at low energies. Although the formal proof is provided in 
a following section we can immediately argue that such 
a strong CP phase cannot appear. This is independent 
of the mechanism we use to give masses to the ordinary 
quarks. To demonstrate this we can first perform a non- 
abelian chiral rotation which brings all the quarks to the 
same complex phase. Then we are left with an axial 
transformation which, due to the quark axial anomaly, 
potentially leads to a new strong CP phase. However we 
are free to perform an equivalent axial transformation of 



the Q quarks to offset the strong CP phase again. 

Unfortunately, we were forced to introduce another 
field H which also carries a new phase. In the absence 
of the T and Q fields this would lead to a conventional 
axion field solution to the strong CP problem. However 
as we shall demonstrate below the would-be axion in our 
model is exactly massless. It is important to note that 
our mechanism for rotating away the strong CP phase 
does not require this extra H field and the hope is that a 
model similar to ours can be constructed in which such 
a field is not needed. 

The Massless Goldstone Boson 

We now construct the low energy effective theory for 
the pseudoscalar particles associated with the axial U(l) 
symmetries in our model. At energies above the elec- 
troweak scale we have the two condensates (TT) and 
(QQ). We hence expect two independent pseudoscalars, 
one from each condensate, which are singlets of the 
SU(3)l x SU(3)r non-Abelian symmetries: 

<TT> = \<TT> \e lVT , 
det <QQ> = |det < QQ > |e ij) « , (8) 

by r\T we denote t\t I Ft and t\q is t\q / Fq . The decay con- 
stants Ft and Fq are comparable in size and of the order 
of the confining scale of the SU(N) gauge theory. Since 
the confining scale of SU(N) is much larger than the 
electroweak scale the massive scalar excitations will not 
appear in the low-energy theory. The instanton-induccd 
effective potential, which preserves the U{1)taf symme- 
try, is 

Vtaf = ci| < TT > \ N det < QQ > \ e l(N ^ +3 ^ + h.c. ,(9) 

with ci a constant. This potential determines the lin- 
ear combination of pseudoscalars which becomes massive. 
The orthogonal combination remains massless. It is ab- 
sorbed in the longitudinal component of the U{\)taf 
gauge boson and hence decouples from the low energy 
physics. The SU (N) 9 angle is rendered an unphysical 
quantity since T,Q,Q are exactly massless. 

At much lower energies we include the effects of the 
ordinary quarks. To give mass to the fermions while pre- 
serving the U{1)taf symmetry we introduced the field 
H . Note that, even in the presence of a mass term for 
the quarks, the QCD theta angle is unobservable, since 
the massless T,Q,Q fields allow us to rotate away both 
the SU(N) and QCD theta angles. (We discuss this is- 
sue further in the following subsections.) The phase of H 
combines with the phase of qq yielding a massless Gold- 
stone boson and a massive pseudo-Goldstone boson. The 
latter is the rf meson of QCD. To show this one can use 
either current algebra techniques or the effective La- 
grangian approach 16]. We present here the effective 
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Lagrangian approach. The two new pseudoscalars are 
related to the phase h of < H > and r\ q of < qq > . At 
very low energies, below the QCD scale, we deduce the 
following effective potential, where we restrict our atten- 
tion to pseudoscalar fields (recall F = 6 is the number of 
quark flavors, not a decay constant): 



V Low = c 2 \<qHq>\e« h +^ 

+ c 3 | < det [qHq] > \e lF{h+ ^ } + h.c. 



(10) 



The last term is the ordinary instanton-induced fermion 
determinant. It is clear that the only combination which 
acquires a mass is h + rj q . Here h stands for h/\ < H > | 
and rj q for rjq/F^. The linear combination shown in the 
potential is the standard rf of QCD, while the orthogonal 
combination h — r\ q remains massless. 

We stress that h — r\ q is a true massless Goldstone bo- 
son, not an axion of the usual type. While the QCD 9 
angle has become dynamical, in the form of the massless 
linear combination, the presence of the massless fermions 
Q, Q and T has rendered physics independent of 9, and 
hence the potential for the massless combination flat. 
The result is similar to that of an axion model that also 
has a massless quark, except in this case it is the Q and T 
fields which play the role of the massless quark. In usual 
axion models, two different linear combinations of the 
axion field and r\ q appear: one induced by the mass term 
of the quarks and the other due to instantons H3. This 
leads to both a massive axion and a massive rj' , unlike in 
our model. 




<TT> & <QQ> 



n q 



FIG. 1: Schematic representation of the model. The black 
node represents the SU(N) gauge theory. The left (right) 
node indicates SU(3)i,(jiy After condensation of the T and 
Q fermions the V node is the QCD gauge group. The two 
squares represents the ungauged SU(F) left and right QCD 
flavor groups. 



Axial Anomalies 

We have three axial currents, and only one is anomaly 
free with our charge assignments: 



8 7 M 
8 7 M 

P- QA 



8 7^ 



= o , 

1 



16tt 2 
1 

16tt 2 



6G^G^ 



(11) 



Here we have denoted with F^ v the SU (N) field strength 
while the associated gauge field is B^. In the anomaly 
equations G MI/ G MI/ represents 



G M „G> = ~ 



(12) 



where &l R are the field strengths for the SU(3)l,r 
gauge groups, whose gauge fields are A^ L R . 

At scales much below the SU(N) confining scale 
the axial gauge bosons can be integrated out. In this limit 
the field strength G^ v appearing on the rhs of equations 
(|11J) is just the usual QCD gluon field strength. 

The anomalous Ward identities (f 1 If) imply that axial 
rotations of the T field are equivalent to shifts of the 
SU(N) 9 angle (henceforth denoted 9'). Axial rotations 
of Q shift 9' as well as the SU (3)l,r angles denoted 9l,r, 
while q rotations only shift 9^ : r. It is clear that we can 
eliminate 9' by appropriate T rotation. 9l^r are dis- 
cussed below. 



Euclidean functional integral 



The partition function of our model is 



E 



J [DB]^ [DA L ]„ [DA R ] V , e 



-S(A L ,A R ,B) 



x det Q det T det q e 



ifi9'+WL Sl +ivR0R 



(13) 



where the fcrmionic integrals have been performed leav- 
ing determinants of the respective Dirac operators. 

The measure of the integral has been di- 
vided into winding number sectors, where 
the SU(2>)l,r winding numbers are given by 
vl,r = j^ Jd^x G^ LR G^ R (x), and the SU(N) 
winding number is \i = J d A x F llv F iiV {x). It is 
convenient to define: 



1 



:{vl + v r ) , v a = -{v l -vr) 



2 V 

l - Or. 



(14) 
(15) 



The left-right symmetry of our model suggests that v A = 
implying that the physics is insensitive to 8a ■ To arrive 
at the same conclusion we can use the following dynam- 
ical argument. Due to the Higgs mechanism, the axial 
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gauge fields A^ L — A% are heavy. At low energies their 
fluctuations are suppressed, or equivalently: A^ L = A R . 
Consequently, Vl — which implies that 9 a is an un- 
physical parameter. 

We can then concentrate on the remaining angles: 9' 
and the usual QCD 9. Here we can use the index theorem 
relating the number of chiral zero modes of the T Dirac 
operator to the Pontryagin index: 

n\ - n T = Nfi . (16) 

For the Q operator, we have 

n®-n Q =3fj, + Ni> , (17) 

and for the q operator 

n\ - nl = &v . (18) 

Here n± denotes the number of zero modes of chirality ±. 
Because Q and T are massless, their determinants vanish 
whenever there are any zero modes - in other words, if any 
of the respective n± are non-zero. The condition of non- 
vanishing determinants requires y, = and v = 0. The 
only topological sectors that can contribute have /i = v = 
0. This means that the partition function is independent 
of both 9 and 9' - they are unphysical parameters. 

Note also that it is sufficient that T and Q are massless 
to completely rotate away 9 and 9'. This is important 
since it allows, at low energies, the quarks to acquire a 
mass term without upsetting our results. 



CONCLUSIONS 

We described a class of models in which the QCD 9 
angle is rendered unobservable by new short distance 
physics involving a new strong force SU(N). A generic 
prediction of the models is new colored particles and a 
non-standard Higgs structure for the quark masses. In- 
terestingly we have an exactly massless pseudoscalar bo- 
son which may be relevant for cosmology and is similar to 
a Majoron, for which constraints from accelerators and 
astrophysics have been recently analyzed [20|. 
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SU(N) SU(3) L 


SU(3) R 


U V {1) U(1)taf 


U(1) T 


U(1)qa 


U(1)a 




Adj 


1 


1 
1 





1 


1 
1 


u 


KJ 


Qc 


□ 


□ 


1 


1 


N 
3 





1 





Qc 


□ 


1 


□ 


-1 


N 
3 





1 





q c 


1 


□ 


1 


JV 
F 


N 2 
3F 








1 


qc 


1 


1 


□ 


~ F 


N 2 
3F 








1 



TABLE I: The table summarizes the symmetries and particle content of the model. The usual quarks q of QCD also have a 
standard model flavor index / = 1, . . . , F = 6 which we suppressed. All fields are Weyl spinors. There are five independent 
global (7(l)'s associated to each Weyl fermion transformation. We can make two independent anomaly free combinations, 
labeled by U(l)v and U(1)taf in the table while there are still three anomalous U(l) transformations which are the remaining 
U(l) transformations in the table. The gauge group is SU(N) x SU(3)l x SU(3)r x U(1)taf- 



